ABSTRACT. Methylenetetrahydrofolate reductase (MTHFR) plays an important role in folate metabolism and is involved in DNA synthesis, DNA repair and DNA methylation. The two common functional polymorphisms of MTHFR, C677T and A1298C have been associated with several diseases, including cancer. We made a case-control study to analyze a possible association of MTHFR gene polymorphisms C677T and A1298C with risk for colorectal cancer in an eastern Chinese Han population of 137 patients with a confirmed histopathological diagnosis of CRC and 145 age-and gender-matched controls with no history of cancer. DNA was isolated from peripheral blood samples and the genotypes were determined by PCR-RFLP. The concentrations of folate in plasma were measured by chemiluminescence immunoassay. The MTHFR 677TT genotype had a protective effect against colorectal cancer, with an odds ratio (OR) = 0.467 (95% confidence interval ( for individuals who carried both MTHFR 677CC and 1298CC genotypes, the OR of colorectal cancer was 0.103 (95%CI = 0.012-0.900); among individuals who carried both MTHFR 677TT and 1298AC genotypes, the OR for risk of colorectal cancer was 0.169 (95%CI = 0.044-0.654). MTHFR 677TT+CT genotypes had a significantly lower plasma folate concentration than those with the MTHFR 677CC genotype. MTHFR 1298AC+CC genotypes had a lower plasma folate concentration than those with the MTHFR 1298AA genotype (P < 0.05). In conclusion, subjects with the MTHFR 677TT and MTHFR 1298CC genotypes appeared to have a significantly lower risk for colorectal cancer. MTHFR haplotypes 677CC/1298CC and 677TT/1298AC were less common in cases than in controls. These haplotypes, when compared to the most common haplotype 677CC/1298AA, were associated with a decreased risk for colorectal cancer. We conclude that plasma folate level is influenced by MTHFR genotypes.
INTRODUCTION
Colorectal cancer (CRC) is a common malignancy and one of the leading causes of death in Western societies (Jemal et al., 2007; Coleman et al., 2008) . It is the second most common cause of death associated with all cancer types in men and women in Europe (Boyle and Ferlay, 2005) . Studies have found that colorectal cancer is also the most common cancer in developed countries (Parkin et al., 2001) . Worldwide, colorectal cancer represents 9.4% of all incidents of cancer in men and 10.1% in women (Boyle and Langman, 2000) . It is estimated that over half the people diagnosed with colorectal cancer will die of the disease (Boyle and Ferlay, 2005) . Colorectal cancer is very common and has increased rapidly along with the westernization of lifestyle in China. The data from the municipal death registry system in cities of China show that the death rate of CRC has increased in recent decades and that CRC is becoming a growing health problem in cities of China (Song et al., 2008) . The epidemiological studies of sporadic CRC have established that many etiologic factors, including age, sex, smoking status, alcohol consumption and family history of cancer, may influence the risk of developing cancer and its clinical outcome (Wei et al., 2009) . Aside from the traditional risk factors, an effort has been made to detect genetic factors that contribute to the risk of colorectal cancer development. Epidemiological studies have indicated an association between folate intake and the risk of certain cancers (Eichholzer et al., 2001; La Vecchia et al., 2002; Larsson et al., 2006a,b) , including colorectal cancer. Folate deficiencies may result in abnormal DNA methylation and uncontrolled gene expression leading to malignant transformation (Duthie, 1999; Choi and Mason, 2000) . Polymorphism of genes associated with folate metabolism is considered a potential factor that may influence the risk of colorectal cancer and response to treatment.
Methylenetetrahydrofolate reductase (MTHFR), an important enzyme in folate metabolism，has a major impact on the regulation of the folic acid pathway due to the conversion of 5, 10 methylenetetrahydrofolate (methylene-THF) to 5-methyl-THF. The most common polymorphisms of the MTHFR gene are C677T and A1298C, which are thought to reduce the enzyme activity leading to a decrease in methyl-THF and to be associated with hyperhomocysteinemia, particularly in folate deficiency. The 677 C→T transition (exon 4) causes an amino acid substitution from alanine to valine at codon 222 within the catalytic region of the enzyme, resulting in MTHFR with decreased activity (Jacques et al., 1996) . The heterozygote and homozygous variant of C677T were shown to have 30 to 65% of enzyme activity, respectively (Frosst et al., 1995) . The low enzymatic activity of the MTHFR C677T genotypic variant is associated with DNA hypomethylation, which may induce genomic instability or the derepression of tumor suppressor genes. The 1298 A→C substitution is within the proposed regulatory region of the methylenetetrahydrofolate reductase enzyme and may influence overall enzyme function, particularly in combination with the 677 C→T polymorphism (Singh et al., 2005; Brockton, 2006) . Several studies have reported that MTHFR variants play an important role in disease processes and the susceptibility to some disorders, including vascular diseases, neural tube defects and cancer. The association between the MTHFR gene polymorphisms and genetic susceptibility to colorectal cancer has been widely evaluated in recent studies, but the conclusions are controversial. Several studies have reported that a homozygous variant genotype of the polymorphism of MTHFRC677T is associated with an increased risk of colorectal cancer (Delgado-Enciso et al., 2001; Shannon et al., 2002) . However, other studies report that individuals with the MTHFR 677TT genotype have a decreased risk of colorectal cancer (Duthie, 1999) , whereas yet others observe no association between the MTHFRC677T genotype and genetic susceptibility to gastric and colorectal cancer (Vollset et al., 2007; Zeybek et al., 2007) . Small sample size, various ethnic groups, diet, environment, and methodologies may be responsible for the discrepancy. In the present study, we performed a case-control study to determine whether MTHFR polymorphisms and haplotypes are associated with colorectal cancer risk in an eastern Chinese population.
MATERIAL AND METHODS

Subjects
The study population consisted of 137 patients with newly diagnosed colorectal cancer and 145 population-based controls. All CRC cases were histopathologically diagnosed as primary CRC at the Affiliated People's Hospital of Jiangsu University between January 2007 and August 2010. The patients were newly diagnosed within the preceding 6 months, and had not yet been treated by any medical treatments. Patients were excluded if they were suffering from: (a) recurrence of CRC; (b) hereditary nonpolyposis CRC; (c) familial adenomatous polyposis; (d) other tumors; (e) severe digestive tract diseases over 2 y; and (f) diabetes, fatty liver, hepatic cirrhosis, metabolism syndrome, and severe cardiovascular diseases. The control group was randomly recruited by general practitioners covering the same geographical region as the colorectal cancer patients. Control participants with a history of cancer, previous radiotherapy or chemotherapy, heart disease, diabetes, and thrombosis were excluded from this study. The study was approved by the Institutional Review Board of the Affiliated People's Hospital of Jiangsu University in Zhenjiang, China. At the time of their peripheral blood collections, all case and control subjects gave their informed consent to participate in this study.
Genotyping and determination of folate and homocysteine concentrations
The genotypes for the C677T (rs1801133) and A1298C(rs1801131) polymorphism of MTHFR were determined by polymerase chain reaction (PCR)-restriction fragment length polymorphism analysis as described by Chen et al. (1996) with minor modifications. Briefly, amplification of MTHFR C677T used 2 primers, [F]:5'-GAAGCAGGGAGCTTTGAGG-3' and [R]:5'-ACGATGGGGCAAGTGATG-3'. The PCR product (152 bp) was digested with 10 U HinfI restriction enzyme (Fermentas Life Sciences) in a 20 μL reaction mixture containing 5 μL PCR fragments and 2 μL 10X buffer at 37°C overnight. Digestion products were visualized after electrophoresis on 10% polyacrylamide gels with ethidium bromide. TT homozygotes showed two fragments of 98 and 54 bp; CT heterozygotes showed three fragments of 152, 98, and 54 bp; wild-type homozygotes (CC) showed only one band of 152 bp. Amplification of MTHFR A1298C used 2 primers [F]:5'-AGAGCAAGTCCCCCAAGGA-3' and [R]:5'-CTTT GTGACCATTCCGGTTTG-3'.The PCR product of A1298C (123 bp) was digested with 10 U MboII restriction enzyme (Fermentas Life Sciences) in a 20-μL reaction mixture containing 5 μL PCR fragments and 2 μL 10X buffer at 37°C overnight. Digestion products were visualized after electrophoresis on 10% polyacrylamide gels with ethidium bromide. Individuals with the CC genotype showed a band of 95 bp and a residue of 28 bp, AC heterozygotes showed two bands of 95 and 67 bp and three residues of 28 bp, and AA homozygotes showed a band of 67 bp and two 28-bp residual bands. The concentrations of folate and homocysteine in plasma were measured by chemiluminescent immunoassay (Bayer Diagnostics, Tarrytown, NY, USA).
Statistical analysis
The statistical significance of different variables was performed with χ 2 or the Fisher exact test. Means were compared by the t test or analysis of variance. The relative risk for the C677T and A1298C polymorphisms in the heterozygous and homozygous states were expressed as an odds ratio (OR) with 95%CI, using individuals who were homozygous wildtype as the reference group. The expected frequency of control genotypes was checked by the Hardy-Weinberg equilibrium test. All analyses were performed using the Statistical Package for the Social Sciences software version 12.0 (SPSS, Chicago, IL, USA).
RESULTS
The characteristics of the study population are presented in Table 1 . In total, 137 cases and 145 controls were included in these analyses. No statistical differences were observed between cases and controls in the distribution of age and sex, suggesting that the frequency matching was adequate. A statistically significant difference in smoking status or drinking status was also not found between patients with colorectal cancer and healthy controls. Figure 2 shows the results of PCR-RFLP. Table 2 shows the genotype distributions for MTHFR and their ORs and 95% CIs in colorectal cancer. The distribution of the MTHFR C677T gene polymorphisms and MTHFR A1298C gene polymorphisms in the controls was calculated for Hardy-Weinberg equilibrium. The MTHFR C677T frequencies of CC, CT, and TT genotypes were 49.6, 39.4, and 10.9% in colorectal cancer, and 37.9, 44.1, and 17.9% in the controls, respectively. The frequencies of combination for 677 CT heterozygous and 677 TT homozygous observed were 30.7% in colorectal cancer and 40.0% in the controls. The MTHFR A1298C frequencies of AA, AC, and CC genotypes were 59.1, 39.4, and 1.5% in colorectal cancer, and 44.8, 49.7, and 5.5% in the controls, respectively. The frequencies of the combination of 1298 AC heterozygous and 1298 CC homozygous were 18.6% in colorectal cancer and 26.9% in the controls. Compared to the CC genotype, the TT genotype was significantly correlated with a reduced risk of colorectal cancer (OR = 0.467; 95%CI = 0.225-0.966, P = 0.038). Similarly, compared to the MTHFR1298 AA genotype, the CC genotype was significantly correlated with a reduced risk of colorectal cancer (OR = 0.192; 95%CI = 0.040-0.916, P = 0.023). The interaction between the MTHFR 677 and 1298 polymorphisms on the risk of colorectal cancer was further examined. Table 3 shows the ORs of colorectal cancer associated with the MTHFR 677 genotypes by the MTHFR 1298 polymorphism. Although there was no evidence of interaction between these two polymorphisms, a joint effect between the MTHFR 677 and 1298 polymorphisms on risk of colorectal cancer was observed. Compared to the MTHFR677CC genotype and MTHFR1298 AA genotype, among individuals who carried both MTHFR 677CC and 1298CC genotypes, the OR of colorectal cancer was 0.103 (95%CI, 0.012-0.900); among individuals who carried both MTHFR 677TT and 1298AC genotypes, the OR of colorectal cancer was 0.169 (95%CI = 0.044-0.654).We also found that the 677CC/1298CC or 677CT/1298CC variants were rare and that 677TT/1298CC genotypes were completely absent in our study populations, which is consistent with findings reported by other investigators (Weisberg et al., 1998 Finally, we analyzed the relationships between the plasma levels of folate and MTHFR genotypes. MTHFR 677TT+CT genotypes showed a lower plasma folate concentration than those with the MTHFR 677CC genotype (P < 0.05). MTHFR 1298AC+CC genotypes showed a lower plasma folate concentration than those with the MTHFR 1298AA genotype (P < 0.05) (Figure 1 ). 
DISCUSSION
Colorectal cancer is a complex disease influenced by genetic and environmental factors and their interactions (Cheah, 2009) . Growing evidence suggests that some polymorphisms in the MTHFR gene contribute to sporadic colorectal cancer. One-carbon units that folate provides are required for various biological reactions, such as DNA synthesis, repair, and methylation. MTHFR is an important enzymes in one-carbon metabolism, and its polymorphisms influence plasma folate and homocysteine levels, which have been found to be associated with the risk and the progression of colorectal cancer. Methylation of genomic DNA relies on an adequate intake of folate, and folate status may influence the risk for colorectal carcinogenesis by inducing aberrant DNA methylation, DNA instability, and alteration of gene expression (Duthie, 1999 (Duthie, , 2000 Hayashi et al., 2007) .
In the present case-control study, we employed a candidate-gene approach to investigate the associations between two polymorphisms in the MTHFR gene and the risk for colorectal cancer. The results of this study showed a significantly different distribution of some alleles (T allele in MTHFR C677T, C allele in MTHFR A1298C) between cases and controls. We also observed a significant association of two polymorphisms in MTHFR with susceptibility to colorectal cancer. In particular, individuals carrying MTHFR 677TT and MTHFR 1298CC genotypes were at a lower risk for colorectal cancer, while other genotypes were not associated with colorectal cancer risk. Furthermore, the haplotype analysis based on the two investigated MTHFR polymorphisms (C677T and A1298C) showed that haplotypes 677CC/1298CC and 677TT/1298AC were less common in cases than controls. The haplotypes, when compared to the most common haplotype 677CC/1298AA, were associated with a decreased risk for colorectal cancer.
The association observed between the SNPs in the MTHFR gene and susceptibility to colorectal cancer has been inconsistent. A few studies found that the MTHFR polymorphism C677T does not affect the risk of colorectal cancer. However, the majority of studies published provided good evidence that homozygosity for the T-allele is associated with a modest but significantly reduced risk for this cancer. A meta-analysis (Huang et al., 2007) of 20 studies including 10,131 colorectal cancer patients and 15,362 controls, suggested that the 677T allele provides a protective effect against colorectal cancer risk. Moreover, Taioli et al. published a HuGE review on the MTHFR C677T polymorphism, in which the 677TT genotype appeared to be associated with a reduced risk for colorectal cancer (Taioli et al., 2009) . In the present study, the association observed between the C677T SNP in the MTHFR gene and susceptibility to colorectal cancer is in agreement with the majority of studies published. The association of MTHFR A1298C polymorphism with CRC has not been extensively studied. A casecontrol study of Japanese population observed no association between A1298C polymorphism and risk of colorectal cancer (Kono and Chen, 2005) . Only one published report from India is available on the association of CRC and MTHFR 1298 polymorphism. Wang et al. (2006) in a case-control study in colorectal cancer patients in an Indian population reported that the MTHFR 1298 C allele is common among Indians and the MTHFR 1298 CC genotype was significantly associated with decreased colon and rectal cancer risk. In the present study, we found that 1298 CC had an OR of 0.192 with a significant P value, suggesting that the 1298 CC genotype appeared to be associated with a reduced risk for colorectal cancer.
To the best of our knowledge, only two studies have examined MTHFR polymor-phisms and the risk of colorectal cancer in a Chinese Han population. However, conclusions of those studies were controversial. One study by Jiang et al. (2005) , involving128 colorectal cancer patients and 343 controls, found that the MTHFR 677TT genotype showed a significantly reduced risk of colon cancer compared to the wild type (OR = 0.22, 95%CI = 0.50-0.98), and that 1298C allele-carrier showed an inverse association with the risk of rectal cancer compared to the wild-type (OR = 0.52, 95%CI = 0.28-0.98). Another study (Cao et al., 2008) included 315 colorectal cancer and 371 controls, where the results from that study showed that individuals who had C677T T/T and A1298C A/A genotypes were at an increased risk of developing colon cancer (adjusted OR = 2.64, 95%CI = 1.20-5.81) compared to those with C677T C allele and A1298C A/A genotypes among males. Our results showed a tendency toward lowered colorectal cancer risk in individuals with the MTHFR 677TT genotype and MTHFR 1298CC genotype. The conflicting results regarding the associations between MTHFR C677T polymorphisms and risks for colorectal cancer may be due to differences in regional dietary and local carcinogen exposures. It has been suggested that folate helps prevent cancer, the relationship between folate and colorectal cancer is complicated because folic acid has been shown to have a dual role in cancer development; specifically, low folate ingestion protects against early carcinogenesis, but high folate intake promotes carcinogenesis (Kim, 2003) . However, there were some limitations in our study. First, only 137 CRC pa tients and 145 controls were included in the study. Second, it would also be very interesting to see the distribution of the MTHR polymorphism in different stages. Finally, we did not determine dietary folate intake in the case groups and controls, and we also did not collect detailed data on the risk factors of colorectal cancer. Therefore, we cannot add to the debate on the relationship between gene-environment interactions.
In conclusion, this study demonstrated that subjects with the variant MTHFR 677TT genotype and MTHFR 1298CC appeared to have a significantly lower risk for colorectal cancer than those with the MTHFR 677CC genotype and MTHFR1298AA genotype. The haplotypes, 677CC/1298CC and 677TT/1298AC, when compared to the most common haplotype 677CC/1298AA, were associated with a decreased risk for colorectal cancer. The plasma folate level was influenced by the MTHFR genotype. The results of this study provide a genetic basis for the hypothesis that folate metabolism may play a role in the carcinogenesis of colorectal cancer in the Chinese Han population.
